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ABSTRACT

Van de Hulst’s similarity relations, which reduce the problem of anisotropic scattering in a homoge-
neous atmosphere to one of isotropic scattering by scaling the optical thickness and the single-scattering
albedo, are tested for line formation in clouds and hazes. The relations are shown to give good approxi-
mations for a useful range of scattering angles when k (the first characteristic exponent occurring in the
solution of the transfer equation in unbounded media) is the basis for the scaling relations. Moreover,
except for the center of strong lines, the results are nearly as accurate if the scaling factor were simply
(1 — (cos 6)), where {(cos 8) is the asymmetry factor of the phase function; this indicates that the
mean free path of a photon in a planetary atmosphere is less by the factor (1 — {cos 8)) than the value
determined from synthetic spectra under the assumption of isotropic scattering.

The above results indicate that the density of cloud particles on Venus is about 6 times greater than
the value suggested by the synthetic-spectra calculations of Belton, Hunten, and Goody for isotropic
scattering, if it is assumed only that the cloud particles are at least ~1 y in radius. This implies that the
density of cloud particles on Venus is comparable with that of cirrus clouds on Earth, a conclusion in
agreement with a recent conclusion of Potter.

The relation of the computations to Belton’s theory for the curve of growth and for the phase effects in
a cloudy planetary atmosphere is indicated; for scattering angles at which the similarity relations are
valid, anisotropic scattering may be accounted for by simply scaling the single-scattering albedo ob-
tained from the curve-of-growth analysis with isotropic scattering. However, the variation of equivalent
width with phase angle is increased significantly by anisotropic scattering, and, within observational
uncertainties, the use of realistic phase functions provides a probable explanation for a discrepancy be-
tween the theoretical and the observed phase effects.

I. INTRODUCTION

In order to interpret the spectrophotometric measurements of molecular absorption
lines in the radiation scattered by planetary atmospheres, particularly the H,0 and
CO, lines of Venus, it is necessary to solve a multiple-scattering problem as described
by van de Hulst (1948), Chamberlain and Kuiper (1956), and Chamberlain (1965).
Belton, Hunten, and Goody (1968) have computed synthetic spectra for a semi-infinite,
homogeneous, isotropically scattering atmosphere and have made comparisons with de-
tailed observations of Venus, thus obtaining atmospheric properties at the level of the
scattering clouds. Although typical particles of clouds and hazes scatter with pronounced
anisotropy, van de Hulst and Grossman (1968) have predicted that the results computed
for anisotropic phase functions will be practically the same as for isotropic scattering
provided that the single-scattering albedo and the optical thickness (in the case of a
finite atmosphere) are scaled according to certain similarity relations. Potter (1969)
has in fact observed that line profiles computed for a particular phase function for the
cloud and for isotropic scattering may be brought into near coincidence if the computed
curves are displaced as required; however, his method for determining the displacement
requires solving the transfer equation with anisotropic scattering.

Our purpose is to compute the shape of a Lorentz absorption line in the radiation
scattered by a homogeneous atmosphere for phase functions typical of clouds and hazes
and to compare the results with those obtained for isotropic scattering by using van de
Hulst’s similarity relations; results are also given for isotropic scattering with the optical
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thickness and single-scattering albedo unscaled for the sake of comparison. The com-
putations are made for both strong and weak absorption lines, and the effects of in-
tegrating over the visible planetary disk, of absorption in the continuum, and of a finite
optical thickness are considered.

II. COMPUTATIONAL PROCEDURE
@) Definitions
We will use essentially the notation and definitions of Belton ef al. (1968) so that
o = scattering coefficient per unit volume, x, = absorption coefficient per unit volume
in the continuum (which may be due to absorption in the scattering particles), and

k, = additional absorption coefficient per unit volume (due to the gas causing the ab-
sorption line). The single-scattering albedo in the continuum is then

[
@ = —
—t &
which is assumed to be constant over a line. The single-scattering albedo, including
gaseous absorption, is given by

ag
o e ¥t @
For the Lorentz line shape,

Ky = Ko[l + (V——Ty—lj—(j)Z]—l , (3)

where ko is the gas absorption coefficient at the frequency »¢ of the line center and 7 is
the Lorentz width of the line. The Lorentz line profile is often appropriate for the
conditions in planetary atmospheres, and in any case the exact line shape is not essential
for the purposes of this paper. If the single-scattering albedo at the line center in the
absence of continuous absorption is represented by @,

g
@ = o 4)
then @, may be expressed in terms of @, by
r1 1—= 77
By = [wo + 559(1 + XQ)J ’ (5)

where X = (v — vy)/7.
For comparison with spectroscopic observations, the quantity of interest is the ratio

of intensities
IV (T;M,¢;Hu,¢0) — SV(T;N’¢;p0>¢U) (6)
I(rspdipo,do)  Selrsmdsuo,do) ’

where, following Chandrasekhar (1960), = is the optical thickness of the atmosphere,
(o = |cos O] ,00) is the direction of incident solar radiation with reference to the local
normal, (u,¢) is the direction of the scattered radiation, and S is the scattering function
of Chandrasekhar (1960, p. 20). The subscripts » and ¢ indicate that the intensities
refer to the single-scattering albedos @, and @., respectively.

b) Phase Functions

In addition to isotropic scattering, computations are made with phase functions
typical of clouds and hazes; the phase functions were kindly computed by H. Cheyney
from Mie scattering theory for spherical water particles at ninety-six scattering angles
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0(.2)5(2.5)180. The particle-size distributions employed were those recommended by
Deirmendjian (1964) for cloud particles (distribution peak at diameter 8 u) and haze
particles (diameter ~0.1 u, Deirmendjian’s model C). The computations were made for
the wavelength 8189 A, which is of special interest for H,0 absorption on Venus; how-
ever, the resulting phase functions (Fig. 1) are typical of those expected for cloud and
haze particles throughout the visual and near-infrared regions.

¢) Computing Method

The scattering functions may be conveniently obtained for an arbitrary phase func-
tion with the “double only” computing method described by Hansen (1969); in this
variation of van de Hulst’s (1963) doubling method the scattering function for a layer
of thickness 7o ~ 2725 is obtained directly from the phase function, since multiple scat-
tering is negligible for a layer that thin, and the scattering functions for layers pro-
gressively a factor of 2 thicker are obtained from equations which are an expression of
van de Hulst’s doubling principle. The accuracy may be maintained as desired, and

¥ T T T ¥ T ¥ T

1000

[e2]

Fic. 1.—8ingle-scattering phase functions for cloud and haze particles

here we have attempted to keep the error less than about 0.3 percent, as indicated by
several independent checks (Hansen 1969). The computations were carried to 7 = 640
(appropriate for limit 7 — =) and the exact value of 74(10 X 2728) was chosen
so that results for 7 = 10 were obtained as an intermediate result. Most of the line
profiles were computed for either the incident or emergent direction normal to the sur-
face, so that only the first (azimuth independent) term was required in the cosine ex-
pansion of the scattering function; however, for the results integrated over the planetary
disk, intensities at all angles were needed, and in that case sixty terms were used for the
phase function for the haze and 160 for the phase function for the cloud.

d) Similarity Relations

Van de Hulst and Grossman (1968) (see also van de Hulst 1968 for a more detailed
presentation of his theory and van de Hulst 19685 for some numerical tests of its ac-
curacy) have shown that the closest similarity between the radiation field reflected from
an anisotropically scattering layer (of optical thickness 7 and single-scattering albedo
@) and that reflected from an isotropically scattering layer (of optical thickness 7% and
single-scattering albedo @°) is obtained if the following similarity equations are obeyed:

kr = kiri? (\7)
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and . . )
— — @t
k - k»i, ? (8)

where % is the exponent occurring in the solution of the transfer equation in unbounded
media (i.e., I(r — @) « ¢7#7), The quantity k*is related to @’ through
11 lo 1+ ki>
w - 2% S \1 =)

&)

and k£ may be determined by solving an eigenvalue problem, although we obtain % with
the doubling method from

. 1 1(7)
b= lim | log. [t(Z*r)]g ) (10)
where #(7) is the integral over all incident and emergent angles of Chandrasekhar’s
(1960, p. 20) transmission function. When the Henyey-Greenstein phase function is em-
ployed, the values obtained for k(w) agree with the table of van de Hulst and Grossman
to the accuracy estimated by them, and the results for isotropic scattering are correct
to several figures as indicated by equation (9).

e) Approximate Similarity Relations
According to van de Hulst (1968a), (1 — @) may be expanded in terms of % as

kz
=30 = (eosoy T (1)

1 —w

where the omitted terms are of order &% or higher and where (cos ) is the anisotropy
parameter of the phase function,

(cos 0) = —%ij(cos 6) cos fd{cos 6) , (12)

which is O for isotropic scattering but 0.7430 and 0.8440, respectively, for the phase
functions for the haze and for the cloud in Figure 1. For nearly conservative scattering,
as in most weak lines, it should be a good approximation to neglect terms of order higher
than £%; in that case % and 2¢may be eliminated {rom equations (7) and (8) to obtain the
simple approximate similarity relations

"= 7(1 — {(cos 9)), (13)
and )
. -
1—at= m . (14)

In line-formation problems it is the relative intensity that is of interest, and hence
equations (13) and (14) may yield more accurate results than would otherwise be an-
ticipated. The advantage of the approximate similarity relations (13) and (14) is that
employment of them does not require knowledge of the function % (). Figure 6 of van de
Hulst and Grossman (1968) indicates that they have already tested and found accurate
equation (13) for Henyey-Greenstein phase functions in the case of conservative scatter-
ing; for the same phase function in the case of nonconservative scattering a test of the
accuracy of the similarity relations is contained in tables of the reflection function
published by van de Hulst (19685).
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III, COMPUTATIONAL RESULTS

In all the graphs, where the separation of two curves would be less than about 1 per-
cent of the vertical extent of the graph, the profiles are drawn as one curve. The four
sets of line profiles in each of Figures 2, 3, 6, and 7 apply for the normal viewing direction
(8 = 0°) for incident directions 8, = 0°, 30°, 60°, and 75°, or, what is the same thing,
they apply for observation at the center of the planetary disk (sub-Earth point) for
phase (Earth-planet-Sun) angles a = 0°, 30°, 60°, and 75°; since the scattering function
is symmetric in 8 and 6, (Chandrasekhar 1960), the results are also valid for the incident
and observation directions interchanged.

1o

isotropic
“~haze

cloud i
s

isotropic
T haze

Fic. 2.—Absorption-line shape of a strong line (@, = 0.9) for a thick atmosphere (r = 640) with no
continuous absorption (@, = 1.0); for the normal emergent direction (§ = 0°) and a range of incident
directions (o). Solid line: exact solution with no scaling applied; dasked line: solution from similarity
equations (7) and (8); dotled line: solution from similarity equations (13) and (14). The results for the
cloud are displaced downward by 0.25.

a) No Continuous Absorption

The line profiles for a thick atmosphere (r = 640) with no absorption in the con-
tinuum (@, = 1) are shown in Figure 2 for a strong line (&, = 0.9) and in Figure 3 for a
weak line (@ = 0.9975). As compared with isotropic scattering, the line depths and
equivalent widths are considerably increased for the phase function for the haze and still
more for the phase function for the cloud as a consequence of their forward-throwing
nature, However, the effects of secondary features in the phase functions are relatively
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minor; the greatest effect occurs for the cloud at 8, = 0°, where the 180° “halo” in the
phase function causes an increase in the percentage of single-scattered photons and
hence a decrease in the line strength.

For weak lines (Fig. 3), the exact (eqgs. [7] and [8]) and approximate (egs. [13] and
[14]) similarity relations give indistinguishable results, both being a good approximation
to the line profiles obtained with the anisotropic phase functions. Perhaps surprisingly,
the results are almost as accurate for strong lines as for weak. The approximate relations

1.0

iscfropic
haze
cloud

isotropic

90

Fic. 3.—Same as Fig. 2 but for a weak line (@ = 0.9975). The line profiles with the approximate
(egs. [13] and {14]) and exact (egs. [7] and [8]) similarity relations are indistinguishable. The results for
the cloud are displaced downward by 0.10.

do yield a line which is stronger near its center than it is for the true phase function for
the cloud, but this is expected since @ — 0 as (cos ) — & (eq. [14]); in fact, with the
approximate similarity relations, the line must be taken as being perfectly black for
values of @ < {cos 6).

b) Integration over Planctary Disk

Observations often refer to the light integrated over the visible planetary disk; hence
computations were also made for a thick atmosphere (r = 640) with no continuous
absorption (@, = 1) for a strong line (Fig. 4) and for a weak line (Fig. 5). The con-
clusions are the same as in § I1la except that forlarge phase angles (a > 125°) neither
set of similarity relations yields a useful approximation to the line profiles for phase func-
tions for hazes and clouds, This is a result of the fact that toward large phase angles the
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fraction of the observed photons which has been scattered only once (or a small number
of times) becomes increasingly large, and the percentage of single-scattered photons
that is absorbed does not depend on the shape of the phase function; it appears that at
very large phase angles (a > 150°) it is a better approximation to employ isotropic
scattering with no scaling of s or .

The problem which occurs at large phase angles also occurs, of course, for light not
integrated over the planetary disk: if the scattering angle between the incident and
emergent directions is <50°, then the similarity relations result in lines which are much

1.0

isotropic

PP B IPEY NN S PRI B
O {0 20 ] 10 20
X

Fi6. 4.—Same as Fig. 2 but for the light integrated over the visible planetary disk at the phase
angle a. The results for the cloud are displaced downward by 0.30.

deeper than those calculated with the actual anisotropic phase functions. However,
since localized measurements with near-grazing directions are difficult to perform, the
limitation is less serious than it might appear.

¢) Continuous Absorption

It is possible that the single-scattering albedo outside the line, @, is less than unity;
for example, the spherical albedo of Venus may be as low as ~ 0.7, and a small amount
of continuous absorption could account for this. To test the effect of continuous absorp-
tion (which need not necessarily arise within the particles themselves), @, = 0.976,
0.9937, and 0.9962 have been used with the isotropic, haze, and cloud phase functions,
respectively, since for 7 = 640 these single-scattering albedos lead to the common
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spherical albedo 0.70. The required values for @, were obtained by trial and iteration,
but note that, because of the large optical thickness, the values of the phase functions for
hazes and clouds could have been obtained from the value for isotropic scattering by
using equation (14).

The resulting line profiles for a strong line (@, = 0.9) are shown in Figure 6. The
lines are not as deep at the center, and the wings are much less pronounced than in the
case of no continuous absorption (cf. Fig. 2), as has already been shown for isotropic

1.0

isotropic

isotropic
haze

a=150°

(<70 Jj) SN SINNINUU RS T SN — SN S S " S N ——

Fi1c. 5.—~Same as Fig. 3 but for the light integrated over the visible planetary disk at the phase angle o

scattering by Belton ef al. (1968). However, as expected, the addition of continuous ab-
sorption causes the line shapes computed with the similarity relations to be only slightly
less accurate than in the case @, = 1.

d) Finite Atmosphere
In computing the results for an atmosphere of finite thickness it is important to in-
clude the variation of the total optical thickness across the line,
oot @

T, = T Te— .
o+ ke @,

For an optical thickness in the continuum 7, = 10, the line profiles for a strong line
with no continuous absorption are shown in Figure 7. As expected, the lines are not as
deep as for 7 = 640 (Fig. 3), and the wings are much less pronounced. However, the
similarity relations still provide useful approximations which are significantly better

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1969ApJ...158..337H&amp;db_key=AST

J. - Z158. [337HD

DAD

I'I_

No. 1, 1969 ABSORPTION-LINE FORMATION 345

than would be obtained by assuming isotropic scattering with no scaling of = and w.
Although the accuracy of the similarity approximations decreases as r decreases further,
the spherical albedo in the continuum for 7, = 10 is already down to 0.55 and 0.67 with
the phase functions for hazes and clouds, respectively, and these values are less than the
spherical albedo of Venus.

1.0

isotropic

75

50

Fic. 6. Same as Fig. 2 but with continuous absorption (w, = 0.976, 0.9937, and 0.9962 for the iso-
tropic, haze, and cloud phase functions, respectively) such that the planetary albedo in the continuum
is 0.7. The results for the cloud are displaced downward by 0.25.

IV. CONCLUSIONS

The computations indicate that the strength of an absorption line formed in a scatter-
ing planetary atmosphere is considerably greater for phase functions typical of cloudy or
hazy atmospheres than for isotropic scattering. However, by means of van de Hulst’s
similarity relations results can be obtained with isotropic scattering which provide a
good approximation to the results with anisotropic scattering over a wide range of inci-
dent and emergent directions (for total scattering angles greater than about 50°). It
should be emphasized that our computations have been made for the idealized case of a
homogeneous planetary atmosphere, but this is an approximation that will probably
continue to be made in many computations.

Potter (1969) has made the suggestion that conclusions based on the fitting of theo-
retical profiles computed for isotropic scattering to observational spectra may be modi-
fied to account for more realistic phase functions without actually recomputing all of the
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synthetic spectra. Potter considers the case of a thick atmosphere and scales «/¢ rather
than w; although his approach should result in a nearly exact fit of the isotropic and
anisotropic line profiles, it requires solving for at least one line profile for each ani-
sotropic phase function for each set of incident and emergent angles. As shown below,
van de Hulst’s relations lead to conclusions in agreement with Potter’s.

Although there is some uncertainty in the value of @, to be used for Venus, Belton
et al. (1968) show that the possible values are limited to a small range, and by fitting

1.0

isglropic

F1c. 7.—Same as Fig. 2 but for a finite atmosphere (v, = 10). The results for the cloud are displaced
downward by 0.30.

synthetic spectra (for isotropic scattering and a semi-infinite atmosphere) to their ob-
servations they derive @,, which, through its dependence on «,, is a function of the
temperature and the pressure. If the cloud particles do not scatter isotropically, then
similarity relation (14), which is valid except for strong lines, indicates that the derived
value of 1 — @5, should be multiplied by 1 — {cos ) ; however, for such lines (of weak or
intermediate strength)
1 _ Ky T+ Ko Ky —F K
-, sl .

Tkt kto o

The synthetic spectra for anisotropic scattering will be nearly the same as for isotropic
scattering, therefore, if x, and &, (and the derived temperature and pressure) are un-
changed and if ¢ is multiplied by 1/(1 — {cos 8)); i.e., the results derived from iso-
tropic scattering are unchanged except that the mean free path A = 1/(c + ;) ~ 1/
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is multiplied by 1 — (cos 6). Equivalently, M, the specific amount (the amount of gas
traversed in one scattering mean free path; Belton [1968]), must be less by the factor
(1 — <cos 6)) to produce the same synthetic spectra as for isotropic scattering. This is a
result of the fact that, for a given density of cloud particles, the total path length of
photons within the cloud is greater for a forward-scattering phase function than for
isotropic scattering (Irvine 1968). Van de Hulst and Grossman (1968) and Potter (1969)
have already suggested that the only significant change introduced by anisotropic
scattering should be a change in the mean free path; a similar assumption was implicit
in Chamberlain’s (1965) approximation of ignoring the forward peak of the phase func-
tion.

The observations of Belton ef al. (1968) were at incident and emergent angles well
within the range of validity of the similarity relations. Therefore, if the cloud phase
function is adopted for the Venus cloud particles, an assumption supported by computa-
tions of the visual phase curve by Arking and Potter (1968), then the mean free path of
~1 km obtained by Belton ef al. would be modified to 1 km X (1—0.854) ~ 0.15 km.
The scale factor 0.146 is in excellent agreement with the values 0.134 and 0.169 derived
by Potter (1969) from computations with the exact phase function for the cloud for two
different absorption lines.

For spherical particles, {cos 8) is a function of the particle radius and the index of
refraction, and its dependence on these parameters should be similar for randomly
oriented nonspherical particles (J. M. Greenberg, private communication) ; water or ice
particles with a dispersion of particle sizes and a mean radius greater than about 1 g
yield {cos §) ~0.84 + 0.04 at the wavelengths (0.8-1.1 ) of interest (Irvine 1965 ;
Hansen and Pollack 1969). If the index of refraction of the Venus cloud particles is
1.50 but the other conditions are unchanged, then {cos 6> ~ 0.80 -+ 0.05; hence it
appears_that accounting for anticipated anisotropic scattering causes a significant
change in the mean free path. According to references cited by Potter (1969), typical
mean free paths in terrestrial cumulus and cirrus clouds are ~ 0.01 and 0.13 km,
respectively, values suggesting that in this respect the clouds of Venus may resemble
cirrus clouds. However, this value for the mean free path is at best representative of
conditions at the “level of line formation” in the real inhomogeneous atmosphere, and
other observations, even in the same wavelength region, may refer to different levels;
for example, observations of polarization and the extension of the cusps probably refer
to higher, more diffuse regions.

Van de Hulst’s similarity relations may be related to Belton’s (1968) theory for the
curve of growth and phase effects (variation of equivalent width with phase angle) in a
cloudy atmosphere. Belton’s formulae are valid for a homogeneous, semi-infinite,
isotropically scattering atmosphere, and hence it is sufficient to recognize that the single-
scattering albedos occurring in his theory correspond to @' above and should be scaled
according to relation (8) or (14) if the phase function is not isotropic. This conclusion
applies to observations at scattering angles for which the similarity relations are valid;
therefore, as predicted by Belton, the inclusion of anisotropic scattering does not spoil
the consistency he found between the observed and theoretical curves of growth for
Venus. Also, since Earth-based observations of the major planets are necessarily made
at small phase angles, the similarity relations are applicable to curve-of-growth theories
for those planets,

However, the phase effect of Venus includes observations at large scattering angles
at which the similarity relations do not hold, and hence to analyze the effects of aniso-
tropic scattering requires computations with the actual phase functions. Belton’s
theory predicts that for isotropic scattering the ratio (=Ag) of the equivalent width of a
line at phase angle a = 50° to the equivalent width at a = 150° depends upon @, and
upon whether the line is on the square-root, linear, or transition region on the curve of
growth; from his Figure 6 we estimate the predictions for A¢ shown in Table 1.
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As indicated by Belton, however, the observations by Moroz (1968) of CO, bands at
1.6 u, for which the major lines are in the square-root region, yield A¢ ~ 3, and the ob-
servations of Kuiper (1952) of CO; at 8689%, which may be in the transition region de-
pending on the correct value of @, yield A¢ ~ 12. For isotropic scattering the observa-
tions are not consistent with any of the values of @, for which Belton made calculations
(w, < 0.999).

A very crude estimate of the effect of anisotropic scattering may be made by noting
from our calculations (§ III, Figs. 4 and 5) that (a) at « = 150° the line equivalent
widths are approximately the same for anisotropic scattering as for isotropic scattering,
so that no transformation is required; and (§) at a = 50° the similarity equations are
valid, a fact which indicates that M, the specific amount, would be larger by the factor

TABLE 1

THEORETICAL RELATIVE PHASE VARIATION,
A¢, FOR ISOTROPIC SCATTERING

A
Square
e Linear Root
0.999.......... 3.8 1.9
0.98. .......... 2.2 1.5
0.90........... 1.7 1.3

TABLE 2

THEORETICAL RELATIVE PHASE VARIATIONS,
A¢, FOR 1/(1—~(cos 8)) =6

Ad
Square
&, Linear Root
0.999..... 22.8 4.8
0.98...... 13.2 3.6
0.90...... 10.5 2.2

1/(1 — {cos 6)) ~ 6 for phase functions typical of clouds than for those typical of
isotropic scattering.

From Belton’s equations (8) and (12) it may be seen that anisotropic scattering in-
creases the equivalent widths at a = 50° by factors of approximately 6 and /6 in the
linear and square-root regions, respectively, and hence phase functions typical of clouds
lead to the predictions for A¢ shown in Table 2.

It appears that with anisotropic scattering the theoretical phase effect is in acceptable
agreement with the observations for values of @, < 0.999. Belton (1968), in a note ap-
pended to his paper, indicates that if the scattering is almost exactly conservative
(1 — @, 0.001) and the atmosphere effectively semi-infinite, then the phase variation
could be considerably increased even for isotropic scattering. However, since the phase
function for Venus is certainly anisotropic, the above calculations at least indicate the
importance of including the anisotropy in interpreting the phase effect. Because of the
several uncertainties in this problem, the phase variation can not now yield a reliable
value for w,.

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1969ApJ...158..337H&amp;db_key=AST

J. - CI58. Z337H)

DAD

rt

No. 1, 1969 ABSORPTION-LINE FORMATION 349

Finally, we would like to emphasize that, at best, computations for a homogeneous
atmosphere yield only certain average values for atmospheric properties, and, in addi-
tion, the validity of similarity relations for an inhomogeneous atmosphere has not been
demonstrated. Since planetary atmospheres are necessarily inhomogeneous, owing
primarily to variations with altitude of the pressure, temperature, and mixing ratio of
particles to gas, it will therefore be necessary to compute synthetic spectra for a finite,
inhomogeneous, anisotropically scattering atmosphere to derive detailed atmospheric
properties from observed spectra. However, because of the time and effort required by
such an undertaking, it appears that the similarity relations of van de Hulst may often
provide a useful approximation to the results with anisotropic scattering.
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